1. Introduction {#sec1-ijms-18-00441}
===============

Lysosomal storage diseases (LSDs) are a group of heterogeneous inherited diseases caused by mutations affecting genes that encode either the function of the lysosomal enzymes required for the degradation of a wide range of complex macromolecules, but sometimes the function of specific transporters needed to export degraded molecules from the lysosomes. The resulting lysosomal dysfunction leads to cellular dysfunction and clinical abnormalities. In one group of LSDs, the sphingolipidoses, there is a dysfunction in the enzyme-degrading abilities of the metabolites which are essential components of cell membranes and regulators of various signaling pathways \[[@B1-ijms-18-00441]\].

2. Definition of Gaucher Disease {#sec2-ijms-18-00441}
================================

Gaucher disease (GD, OMIM \#230800, ORPHA355) is the most common sphingolipidosis. It was first described by Philippe Gaucher in 1882 in a patient with massive splenomegaly without leukemia. GD is a rare, autosomal, recessive genetic disease caused by mutations in the *GBA1* gene, located on chromosome 1 (1q21). This leads to a markedly decreased activity of the lysosomal enzyme, glucocerebrosidase (GCase, also called glucosylceramidase or acid β-glucosidase, EC: 4.2.1.25), which hydrolyzes glucosylceramide (GlcCer) into ceramide and glucose ([Figure 1](#ijms-18-00441-f001){ref-type="fig"}A). More than 300 *GBA* mutations have been described in the *GBA1* gene \[[@B2-ijms-18-00441]\]. Very rarely, GD can also be caused by a deficiency in the GCase activator, saposin C \[[@B3-ijms-18-00441]\]. The phenotype is variable, but three clinical forms have been identified: type 1 is the most common and typically causes no neurological damage, whereas types 2 and 3 are characterized by neurological impairment. However, these distinctions are not absolute, and it is increasingly recognized that neuropathic GD represents a phenotypic continuum, ranging from extrapyramidal syndrome in type 1, at the mild end, to hydrops fetalis at the severe end of type 2 \[[@B4-ijms-18-00441]\].

3. Epidemiology {#sec3-ijms-18-00441}
===============

The disease's incidence is around 1/40,000 to 1/60,000 births in the general population, but it can reach 1/800 births in the Ashkenazi Jewish population \[[@B5-ijms-18-00441],[@B6-ijms-18-00441]\].

4. Pathophysiology {#sec4-ijms-18-00441}
==================

4.1. Glucosylceramide Accumulation {#sec4dot1-ijms-18-00441}
----------------------------------

Mutations in the *GBA1* gene lead to a marked decrease in GCase activity. The consequences of this deficiency are generally attributed to the accumulation of the GCase substrate, GlcCer, in macrophages, inducing their transformation into Gaucher cells. Under light microscopy, Gaucher cells are typically enlarged, with eccentric nuclei and condensed chromatin and cytoplasm with a heterogeneous "crumpled tissue paper" appearance ([Figure 1](#ijms-18-00441-f001){ref-type="fig"}B). This feature is related to the presence of GlcCer aggregates in characteristic twisted, fibrillar arrangements that can be visualized using electron microscopy \[[@B7-ijms-18-00441]\]. Gaucher cells mainly infiltrate bone marrow, the spleen, and liver, but they also infiltrate other organs and are considered the main protagonists factors in the disease's symptoms. The monocyte/macrophage lineage is preferentially altered because of their role in eliminating erythroid and leukocytes, which contain large amounts of glycosphingolipids, a source of GlcCer. GlcCer accumulation in Gaucher cells is considered the first step towards bone involvement, leading to the vascular compression which is the source of necrotic complications \[[@B8-ijms-18-00441]\]. The pathophysiological mechanisms of neurological involvement remain poorly explained; GlcCer turnover in neurons is low and its accumulation is only significant when residual GCase activity is drastically decreased, i.e., only with some types of *GBA1* mutations \[[@B9-ijms-18-00441]\]. Consistent with this, recent work on a Drosophila model of neuronopathic GD demonstrated autophagy impairment in the GCase-deficient fly brains \[[@B10-ijms-18-00441]\]. Very rarely, GD may be caused by a mutation in the *PSAP* gene, leading to a deficiency in saposin C without GCase deficiency \[[@B3-ijms-18-00441]\]. These patients generally present with neurological features similar to that of type-3 GD.

4.2. Subpopulation of Gaucher Cells, a Specific Cell Subpopulation {#sec4dot2-ijms-18-00441}
------------------------------------------------------------------

Recent observations indicate that Gaucher cells do not only result from the transformation of macrophage cells, but correspond to a distinct M2 subpopulation from an alternative differentiation pathway \[[@B11-ijms-18-00441]\]. There are many functional states of macrophage polarization, and they can be fully polarized and acquire a specific phenotype like M1 (characteristic macrophage activation) or M2 (alternative macrophage activation). These specific phenotypes depend on the tissue and specific microenvironment where the macrophages are. The M2 subpopulation has been described as cells with anti-inflammatory, immunomodulatory and tissue repair properties, and includes macrophages that remove abnormal hematopoietic cells or phagocytose erythroblast nuclei. The in vivo situation appears more complex since the plasma cytokine profile and the characteristic monocytes circulating in the blood show concurrent activation of inflammatory M1 macrophages, presumably implicated in the "pseudo-inflammatory" state that was described many years ago and in the heterogeneous manifestations of the disease \[[@B12-ijms-18-00441],[@B13-ijms-18-00441]\]. Thus numerous cytokines, chemokines and other molecules---including IL-1β, IL-6, IL-8, TNFα (Tumor Necrosis Factor), M-CSF (Macrophage-Colony Stimulating Factor), MIP-1β, IL-18, IL-10, TGFβ, CCL-18, chitotriosidase, CD14s, and CD163s---are present in increased amounts in Gaucher patients' plasma and could be implicated in hematological and bone complications \[[@B14-ijms-18-00441],[@B15-ijms-18-00441],[@B16-ijms-18-00441],[@B17-ijms-18-00441]\]. Only some of these molecules are expressed by Gaucher cells themselves. This is the case for chitotriosidase and CCL18, which thus constitute quite specific disease biomarkers \[[@B11-ijms-18-00441]\]. Osteoporosis may be linked to IL-10, which inhibits osteoblast activity, but also to IL-1β, IL-6 and M-CSF, MIP-1α and MIP-1β, which stimulate bone resorption by increasing osteoclast activity \[[@B14-ijms-18-00441],[@B17-ijms-18-00441]\].

The relationship between Gaucher cells located in tissues and developed from M2 macrophages and blood monocytes with an M1 phenotype is still not understood, and this distinction should be maintained.

4.3. Metabolic Consequences Other Than Accumulation of Glucosylceramide in Gaucher Cells {#sec4dot3-ijms-18-00441}
----------------------------------------------------------------------------------------

Due to the accumulation of GlcCer, Mistry et al. identified another metabolic pathway in a mouse model \[[@B18-ijms-18-00441]\] ([Figure 2](#ijms-18-00441-f002){ref-type="fig"}A). GlcCer is also the substrate of an alternative pathway in which a ceramidase transforms it into glucosylsphingosine (or Lyso-glucosylceramide), which then diffuses into fluids due to its reduced hydrophobicity. This pathway is favored in cases of GCase deficiency. In the cytoplasm, glucosylsphingosine is metabolized by a second GCase that is active at a neutral pH (*GBA2* gene), producing sphingosine and then sphingosine-1-phosphate (S1P) \[[@B19-ijms-18-00441],[@B20-ijms-18-00441]\]. Sphingosine could be particularly toxic to bone; in this model, deletion of *GBA2* could reverse the Gaucher disease phenotype, particularly the bone abnormalities. In addition, the accumulation of glucosylsphingosine may cause neuronal dysfunction and death, leading mainly to GD-related neurological symptoms \[[@B21-ijms-18-00441]\]. Glucosylsphingosine is normally absent from the human brain, but it is detectable in the brains of patients with GD-related neurological lesions, even if Gaucher cells are not observed in their nervous system. Glucosylsphingosine could represent a more specific and sensitive biomarker than chitotriosidase or CCL18 \[[@B19-ijms-18-00441],[@B22-ijms-18-00441]\]. Glucosylsphingosine could serve as a source of S1P, influencing the differentiation, migration, and survival of several cell types, including lymphocytes and macrophages \[[@B23-ijms-18-00441]\].

It has been demonstrated that the enzyme deficiency may have an impact on many cells, including hematopoietic progenitor cells, erythrocytes or mesenchymal cells \[[@B24-ijms-18-00441],[@B25-ijms-18-00441],[@B26-ijms-18-00441]\], hepatocytes \[[@B27-ijms-18-00441]\] and the nerve cells of patients with neurological lesions.

4.4. Abnormalities in the Intracellular Trafficking of Glucocerebrosidase {#sec4dot4-ijms-18-00441}
-------------------------------------------------------------------------

The enzymatic deficit of GCase is not only due to the intrinsic enzymatic dysfunction but is also the consequence of abnormalities occurring during the transport and delivery of the enzyme to the lysosomes. Thus, enzyme misfolding during its passage through the endoplasmic reticulum can lead to its premature degradation by the proteasome \[[@B28-ijms-18-00441],[@B29-ijms-18-00441]\] ([Figure 2](#ijms-18-00441-f002){ref-type="fig"}B--C).

The transport and delivery of GCase to the lysosome does not depend on the mannose 6-phosphate system, like other proteins, but also involves Lysosomal Integral Membrane Protein 2 (LIMP-2) \[[@B30-ijms-18-00441]\]. GCase linked with LIMP-2 is inactive. The acidic milieu of lysosomes promotes this delinking, allowing its activation. *LIMP-2* mutations (*SCARB2* gene) have been described in several neurological disorders \[[@B31-ijms-18-00441],[@B32-ijms-18-00441]\]. LIMP-2 mutations can affect the GD phenotype \[[@B33-ijms-18-00441]\]. It seems that while LIMP-2 deficiency alone does not cause the observed phenotype, it is probably an important modifier of GD, potentially turning a patient with type-1 GD into a type-3 \[[@B33-ijms-18-00441]\]. SCARB2 mutations could explain GD heterogeneity in the context of the same mutation of GCase. Other molecules could be involved in this trafficking pathway of GCase, such as progranulin. Progranulin is an indispensable co-chaperone that links GCase/LIMP2. The serum level of progranulin is significantly lower in GD patients than in healthy controls, and this leads to GCase accumulation in the cytoplasm \[[@B34-ijms-18-00441]\]. The loss of progranulin leads to abnormal endothelial reticulum trafficking and the aggregation of various proteins in the cytoplasm, such as GCase/LIMP2, which increase degradation of GCase \[[@B35-ijms-18-00441]\]. An insufficiency of PGRN has also been associated with many types of neurodegenerative disease, including frontotemporal dementia, Parkinson's disease (PD), Alzheimer\'s disease, multiple sclerosis, and amyotrophic lateral sclerosis \[[@B36-ijms-18-00441]\].

It has been observed that patients with the same GCase mutations may vary significantly in disease presentation, from life-threatening to almost asymptomatic \[[@B37-ijms-18-00441],[@B38-ijms-18-00441]\], because of molecular co-abnormalities. This helps us to understand the phenotypic heterogeneity of GD.

4.5. Relationship between the GBA1 Gene and Parkinson's Disease {#sec4dot5-ijms-18-00441}
---------------------------------------------------------------

Patients with a heterozygous (or homozygous) mutation in the *GBA1* gene, especially c.1226A\>G (N370S), but also c.1448T\>C (L444P), c.84dup, c.115+1G\>A (IVS2+1G\>A), c.1297G\>T (V394L), and c.1604G\>A (R496H), are now considered at risk for Parkinson's disease (PD) \[[@B40-ijms-18-00441],[@B41-ijms-18-00441],[@B42-ijms-18-00441]\]. However, all GBA mutations including null alleles seem to increase the risk for PD \[[@B43-ijms-18-00441]\]. The onset of PD tends to be earlier in patients carrying null or recombinant alleles \[[@B44-ijms-18-00441]\]. The prevalence of heterozygous mutations is found to range from 3% to 8% in Caucasian PD \[[@B42-ijms-18-00441],[@B43-ijms-18-00441]\] and is higher in the Ashkenazi Jewish population, reaching 15% or even 31% \[[@B40-ijms-18-00441],[@B43-ijms-18-00441]\]. The most recent studies suggest that neuropathic mutations of the *GBA* gene (especially c.1448T\>C (L444P)) could worsen the progression of PD \[[@B45-ijms-18-00441],[@B46-ijms-18-00441]\]. Loss of GCase function compromises lysosomal α-synuclein degradation and causes accumulation of oligomers. It results in neurotoxicity through accumulation in the substantia nigra of the brain. GlcCer, the GCase substrate, directly influences amyloid formation of α-synuclein by stabilizing soluble oligomers, which then aggregate and form Lewy bodies in the nerve cells in PD \[[@B47-ijms-18-00441]\]. These α-synuclein polymers have an inhibitory effect on GCase \[[@B47-ijms-18-00441],[@B48-ijms-18-00441],[@B49-ijms-18-00441]\], engendering a vicious circle ([Figure 3](#ijms-18-00441-f003){ref-type="fig"}). The effect of *GBA1* gene mutations could be modulated by the co-activator of GCase, saposin C, which may partly explain the limited penetrance of neurological impairment in patients with GD \[[@B50-ijms-18-00441],[@B51-ijms-18-00441]\]. GCase deficiency has been implicated in non-*GBA1* linked PD, and interaction between GCase and other molecules involved in PD pathophysiology has been described \[[@B52-ijms-18-00441],[@B53-ijms-18-00441]\]. GCase levels decrease with age in non-PD patients and GCase is decreased in idiopathic PD as well as *GBA1*-linked PD.

4.6. Relationship between GCase Deficiency and Neoplasia {#sec4dot6-ijms-18-00441}
--------------------------------------------------------

The frequency of hypergammaglobulinemia and the presence of monoclonal Ig in GD are two factors which promote the emergence of multiple myeloma; the incidence of myeloma appears to be increased in GD, with a relative risk of at least 5.9 (95% CI: 2.8--10.8) \[[@B59-ijms-18-00441],[@B60-ijms-18-00441],[@B61-ijms-18-00441],[@B62-ijms-18-00441]\].

There is also an increased relative risk of lymphoma \[[@B61-ijms-18-00441],[@B63-ijms-18-00441]\] and of solid cancer (hepatocellular carcinoma \[[@B62-ijms-18-00441]\], melanoma, and pancreatic cancer \[[@B63-ijms-18-00441]\]), but there is less evidence than for hematological cancers.

The pathophysiology of cancer development in GD is not well understood. At least two types of mechanisms may be operating, both of them relating to the GCase deficiency and the ensuing catabolic defect, i.e., the accumulation of GlcCer and/or its deacylated product, glucosylsphingosine or Lyso-glucosylceramide (LGL1) \[[@B64-ijms-18-00441]\].

The most common hypothesis is that the (perturbed) cellular and cytokinic microenvironment in GD is responsible for tumorigenesis: perturbations include markedly elevated levels of some cytokines and chemokines \[[@B14-ijms-18-00441],[@B15-ijms-18-00441],[@B16-ijms-18-00441],[@B17-ijms-18-00441]\], activated (M2) macrophages \[[@B11-ijms-18-00441]\], abnormal responses by T lymphocytes, and a reduction of NK cells \[[@B65-ijms-18-00441],[@B66-ijms-18-00441]\]. The second hypothesis considers that initial steps towards a catabolic defect originate not from the environment, but from the (future) malignant cell itself. Facilitation of tumorigenesis in GD could be related to the disturbed sphingolipid metabolism in cancer cells, due to GlcCer (or glucosylsphingosine) accumulation or reduced ceramide formation, resulting in deleterious changes in the pro- and anti-proliferative balance \[[@B64-ijms-18-00441]\].

Recently, a murine model of GD with a long-term development of B cell malignancies has been investigated \[[@B67-ijms-18-00441]\]. Interestingly, mice bearing large tumors had less GlcCer and glucosylsphingosine accumulation than those with small tumors. In this model, the monoclonal protein disappeared from mice treated with eliglustat; moreover, a striking reduction in lymphoproliferation was observed, with no plasmocytoma or lymphoma \[[@B68-ijms-18-00441]\]. A more recent study on monoclonal immunoglobulin (Ig) in GD showed that in 17 of 20 patients with GD and six of six Gaucher mice, the clonal Ig was specific for glucosylsphingosine. Given that myeloma plasma cells showed evidence of antigen-driven selection and that there is increased risk of MGUS and myeloma in GD, it was tested whether immunoglobulin was reactive to LGL1 and lysophosphatidylcholine. In 33% of sporadic monoclonal gammopathies, the clonal Ig was specific for the two targets. Thus, extended exposure of the immune system to high levels of LGL1 and lysophosphatidylcholine might favor gammapathies and myeloma \[[@B69-ijms-18-00441]\]. This observation suggests that LGL1 could be a relevant predictive biomarker and should be further studied in this context. Moreover, treating the above murine model of GD with eliglustat led to a reduction of clonal Ig. The glucosylsphingosine might mediate B-cell activation in GD and might indeed be the antigenic origin of GD-associated monoclonal gammopathy. These new data give glucosylsphingosine a key role in myeloma or lymphoma in GD \[[@B69-ijms-18-00441]\].

4.7. Altered Iron Metabolism {#sec4dot7-ijms-18-00441}
----------------------------

Iron is stored in ferritin to avoid toxicity to cell components. In GD, ferritin levels in Gaucher cells are higher and the synthesis of hepcidin, which inhibits intestinal absorption of iron, is increased. In Gaucher cells, certain cytokines (IL-6 and IL-1β) also increase hepcidin gene transcription; the macrophages activated in this way can also induce iron retention via an autocrine mechanism \[[@B70-ijms-18-00441]\] and decrease glycosylation capabilities, leading to a decrease in glycosylated ferritin \[[@B71-ijms-18-00441]\]. Hyperferritinemia in type-1 GD is associated with indicators of disease severity \[[@B72-ijms-18-00441]\], and ferritin could be a useful though nonspecific biomarker; it is also an inflammation marker.

5. Clinical Presentations {#sec5-ijms-18-00441}
=========================

Gaucher disease is characterized by hepatosplenomegaly, cytopenia, sometimes severe bone involvement and, in certain forms, neurological impairment. The variability in the clinical presentations of GD may be explained by the continuum of phenotypes \[[@B73-ijms-18-00441]\]. However, three major phenotypic presentations can usually be distinguished. They are described below, in order of increasing severity. Type-1 GD is usually named non-neuronopathic GD; type-2 and type-3 are termed neuronopathic-GD.

5.1. Type-1 Gaucher Disease (ORPHA77259) {#sec5dot1-ijms-18-00441}
----------------------------------------

Type-1 GD (GD1), usually distinguished by the absence of neurological impairment, is the most common form of the disease (prevalence: 90%--95% in Europe and North America). Its clinical presentation is variable, ranging from asymptomatic throughout life to early-onset forms presenting in childhood. The initial symptoms vary considerably and patients can be diagnosed at any age \[[@B6-ijms-18-00441]\]. Depending on the study, the median age of diagnosis is from 10 to 20 years old \[[@B6-ijms-18-00441],[@B74-ijms-18-00441]\]. Although the overall mean onset of patients in the Gaucher Registry (run by the International Collaborative Gaucher Group) is at 20.4 years old, the majority (56%) of patients experienced onset before 20. However, this Registry primarily includes symptomatic and treated patients, and thus the mean age is probably skewed. Two thirds (68%) of this group were diagnosed before 10 years old and almost half (48%) before the age of 6 \[[@B75-ijms-18-00441],[@B76-ijms-18-00441]\]. GD1 can often limit quality of life and is often associated with considerable morbidity, but is rarely life threatening.

Fatigue is common (50% of patients) and often has an impact on school life or socio-professional activities. In children, growth retardation and delayed puberty are common (growth \<5th percentile in 34% of children) \[[@B75-ijms-18-00441]\].

Splenomegaly is observed in more than 90% of patients and is sometimes massive, with a spleen weighing up to several kilograms and causing abdominal pain or distension. Indeed, it may be the only clinical sign, leading to unnecessary tests if GD is not considered. Splenic infarction may complicate matters; spleen rupture only occurs very rarely \[[@B77-ijms-18-00441],[@B78-ijms-18-00441]\].

Hepatomegaly is noted in 60%--80% of patients. The development of fibrosis and subsequent cirrhosis is rare \[[@B6-ijms-18-00441]\]. Hepatic and splenic infarction may be observed, manifesting with acute pseudo-surgical abdominal pain.

Up to 40% of GD1 patients have a focal lesion in the liver and/or spleen. A *gaucheroma* is the most likely diagnosis, but a hepatocellular carcinoma or a lymphoma of the spleen are other possible diagnoses. Gaucheromas have varied imaging characteristics and it is therefore difficult to distinguish a gaucheroma from another lesion \[[@B79-ijms-18-00441]\].

The prevalence of *gallstones* in GD1 is 32%, i.e., five times higher than in the general population \[[@B27-ijms-18-00441]\]. Bile analyses reveal cholesterol stones and GlcCer.

Bleeding phenomena may be observed at diagnosis. These are rarely severe and usually related to thrombocytopenia (60%--90% of cases) or to coagulation or primary hemostasis disorders \[[@B80-ijms-18-00441]\] or, more rarely, to platelet disorders \[[@B81-ijms-18-00441]\]. Mucocutaneous bleeding (epistaxis, gingival bleeding, menorrhagia, etc.) is common; postoperative hemorrhage or bleeding during birth and spontaneous hematomas (e.g., psoas hematomas) have also been reported. Anemia, observed in 20%--50% of cases, is generally moderate. Leukopenia is rare.

Bone involvement causes acute pain manifested as very painful bone crises, predominantly in the pelvis and lower limbs (more rarely in the upper limbs), and/or chronic pain that should be assessed using a visual analog scale or digital scale \[[@B82-ijms-18-00441]\]. The severity of the pain varies, but it may have an impact on functional prognosis. The pathophysiology of bone manifestations is poorly known and justifies the use of common terminology. The painful bone crises are probably associated with ischemic vaso-occlusive phenomena. It seems that they may be reversible and do not show up as lesions in medical imaging. However, they usually cause abnormalities referred to as bone infarcts on long bones (metaphyses or diaphyses) and flat bones, and lesions referred to as avascular necrosis (AVN) on the epiphyses. In addition to the vascular theory explaining the ischemic events (bone infarcts and AVN), a mechanical theory has also been put forward to explain the spontaneous or trabecular microfractures that are observed (mechanical or spontaneous AVN), particularly on the femoral head, the femoral condyle and the tibial plateau. The pathophysiological mechanism can involve other potential factors, such as alterations in the bone marrow or immune cells, inflammation, macrophage-derived factors, cytokines, and hormones \[[@B83-ijms-18-00441],[@B84-ijms-18-00441]\].

Acute painful bone crises are more common in children (30% of children with GD1). They usually progress over 7--10 days and are associated with local inflammation, mild fever (38 °C), polynuclear leukocytosis and a moderate inflammatory syndrome. These symptoms are similar to osteomyelitis (pseudo-osteomyelitis), thus sometimes delaying diagnosis \[[@B82-ijms-18-00441],[@B85-ijms-18-00441]\]. AVN is observed in 15% of cases, most often at the femoral or humeral heads, more rarely at the femoral condyles or tibial plateaus, and exceptionally in the feet (talus, calcaneus), hands and the spine (vertebra plana). In the long term, AVN may be complicated by osteoarthritis, often justifying joint replacement surgery \[[@B72-ijms-18-00441]\]. Bone crises are predictive of future bone infarcts and AVN. Bone infarcts with clinical consequences, AVN and pathological fractures are considered as severe bone complications of GD and are defined as bone events \[[@B72-ijms-18-00441]\].

Moderate losses of bone mass (osteopenia) or more severe declines (osteoporosis) increase with age and menopause in normal subjects. Loss of bone mass occurs earlier and is more severe in patients with GD and may cause pathological fractures (of long bones, vertebrae, etc.). Bone mass decline seems to be correlated with other bone and visceral complications \[[@B86-ijms-18-00441]\]. Focal lytic lesions that can erode the cortical bone and promote pathological fractures are sometimes observed in different locations (long bones, jaw, etc.) \[[@B87-ijms-18-00441]\]. Cyst-like lesions in the mandible, with the loss of trabecular structure, may lead to dental abnormalities. Extra-osseous extension of Gaucher cells secondary to the destruction of the cortical bone only occurs very rarely \[[@B88-ijms-18-00441]\]. Secondary bone tumors including osteosarcomas or osteoblastomas have been reported very rarely \[[@B89-ijms-18-00441],[@B90-ijms-18-00441]\].

When magnetic resonance imaging (MRI) is not available, standard radiographs may be used to observe bone remodeling disorders with enlargement of the metaphyseal/diaphyseal region of the femur's lower part, referred to as the Erlenmeyer flask bone deformity, appearing during childhood \[[@B91-ijms-18-00441]\]. The sequelae of AVN and bone infarction, thinning of the cortical bone, focal lysis, fractures and osteoarthritis can also be observed. Radiographs may also be used to monitor patients after joint replacement surgery. MRI is the reference examination and is used to objectify bone marrow infiltration (80% of cases) at a very early stage, as well as bone infarcts, AVN and bone lysis. Bone marrow infiltration and Erlenmeyer flask bone deformities do not seem to correlate with the other bone complications \[[@B92-ijms-18-00441]\].

Pulmonary involvement may be related to infiltration of the lungs by Gaucher cells, creating an interstitial disease that can lead to pulmonary fibrosis, restrictive lung disease secondary to spinal deformation, or pulmonary arterial hypertension \[[@B93-ijms-18-00441],[@B94-ijms-18-00441]\]. The latter is more common in splenectomized patients, particularly women, or may be caused by hepatopulmonary syndrome complicating hepatic cirrhosis. Pulmonary involvement is rare in all GD phenotypes and seems more frequent in patients homozygous for the 1448G (L444P) mutation \[[@B95-ijms-18-00441]\].

Rarely, renal involvement, manifested as proteinuria and hematuria, reflects infiltration of glomeruli by Gaucher cells \[[@B96-ijms-18-00441]\]. Skin involvement is manifested as yellow-brown hyperpigmentation, usually on the anterior parts of the tibias and cheeks \[[@B97-ijms-18-00441]\]. Ocular manifestations such as vasculitis \[[@B98-ijms-18-00441],[@B99-ijms-18-00441]\] or vitreo-retinal involvement with whitish spots (corresponding to glucoceramide deposits) \[[@B98-ijms-18-00441],[@B100-ijms-18-00441]\], myocardial or valvular involvement \[[@B101-ijms-18-00441]\], insulin resistance \[[@B102-ijms-18-00441]\] and amyloidosis \[[@B103-ijms-18-00441],[@B104-ijms-18-00441],[@B105-ijms-18-00441]\] are observed very rarely.

Contrary to the conventional definition of GD1, certain neurological manifestations associated with this phenotype have been described in recent years. Patients with GD1 have an increased risk of developing Parkinson's disease (4--20 times greater), often at an earlier age than in normal PD \[[@B43-ijms-18-00441],[@B47-ijms-18-00441],[@B106-ijms-18-00441],[@B107-ijms-18-00441]\]. The prevalence of minimally symptomatic peripheral neuropathies and small fiber neuropathies is 14% and therefore higher than in the general population \[[@B108-ijms-18-00441]\].

5.2. Type-3 Gaucher Disease (ORPHA77261) {#sec5dot2-ijms-18-00441}
----------------------------------------

Also called juvenile or subacute neurological GD, the type-3 form (usually 5% of cases, but up to 33% in some cohorts \[[@B109-ijms-18-00441]\]) exhibits the visceral manifestations described in GD1, usually combined with oculomotor neurological involvement, which appears before 20 years of age in most cases. Like GD1, GD3 phenotypes are very heterogeneous, particularly with regard to neurological involvement. Some patients present moderate systemic involvement with horizontal ophthalmoplegia as the only neurological symptom, whereas others present more severe forms with varying neurological signs including progressive myoclonus epilepsy (16% of patients), cerebellar ataxia or spasticity (20%--50% of patients), and dementia in some cases \[[@B110-ijms-18-00441],[@B111-ijms-18-00441]\]. Neurological signs may occur several years after the visceral manifestations, even in patients initially identified and treated as having GD1. Disease onset is more common in young children, with neurological symptoms appearing before 2 years of age in half the cases \[[@B110-ijms-18-00441]\]. Behavioral changes and unexpected death are described in some patients \[[@B112-ijms-18-00441]\].

Spinal surgery may be required for the sometimes severe and progressive kyphosis that may develop, through an unknown mechanism, despite specific GD treatment. Cardiac involvement (with valve calcification) \[[@B113-ijms-18-00441]\], corneal involvement and hydrocephaly are reported mainly in patients with GD3 of the c.1342G\>C (D409H) genotype \[[@B114-ijms-18-00441]\].

Subjects with the very rare saposin C deficiency almost always present with neurological impairment comparable to that observed in GD3 \[[@B115-ijms-18-00441]\].

5.3. Type-2 Gaucher Disease (ORPHA77260) {#sec5dot3-ijms-18-00441}
----------------------------------------

Type-2 GD (\<5% of cases in most countries, but up to 20% in some cohorts \[[@B109-ijms-18-00441]\]) is characterized by early and severe neurological impairment starting in infants aged 3--6 months old and by systemic involvement with hepatosplenomegaly. The triad consisting of rigidity of the neck and trunk (opisthotonus), bulbar signs (particularly severe swallowing disorders), and oculomotor paralysis (or bilateral fixed strabismus) is very suggestive of the disease. These signs may be associated with trismus and hypertonia with pyramidal and possibly extrapyramidal rigidity \[[@B116-ijms-18-00441]\].

Apnea related to increasingly frequent and lengthy laryngeal spasms occurs after a few months. Psychomotor development is then altered, although some children may still continue to acquire skills. Seizures occurring later manifest as myoclonic epilepsy that is resistant to antiepileptic drugs. Splenomegaly is almost always present, associated with thrombocytopenia in 60% of cases. Growth retardation (30% of patients) may be the first sign, sometimes associated with cachexia. Lung lesions are sometimes also observed, resulting from repeated aspirations and pulmonary infiltration by Gaucher cells. There is no bone involvement in GD2. Death occurs before the third year of life, following massive aspiration or prolonged apnea \[[@B116-ijms-18-00441],[@B117-ijms-18-00441]\]. The mean survival age of GD2 is 11.7 months (range 2--25 months), and pulmonary symptoms (GD-pneumopathy) and aspiration caused by Gaucher disease or the aggravation of respiratory conditions such as central apnea are the cause of 50% of fatal cases \[[@B116-ijms-18-00441]\].

Fetal GD is the rarest (\<1%) and the most severe form of the disease. It usually manifests with hydrops fetalis, hepatosplenomegaly, ichthyosis, arthrogryposis, facial dysmorphia and fetal thrombocytopenia. Death often occurs in utero or soon after birth \[[@B118-ijms-18-00441]\]. The diagnosis of these fetal forms is particularly important for appropriate genetic counseling and the possibility of offering a prenatal diagnosis in future pregnancies.

6. Diagnosis of Gaucher Disease {#sec6-ijms-18-00441}
===============================

The diagnosis of GD often takes place several years after the onset of the first clinical and laboratory signs. This is a typical problem with rare diseases characterized by a progressive onset of symptoms.

6.1. GCase Activity {#sec6dot1-ijms-18-00441}
-------------------

The diagnosis of GD must be confirmed by establishing deficient GCase activity in total leukocytes or mononuclear cells, or cultured fibroblasts. The residual enzyme activity is usually approximately 10%--15% of the normal value \[[@B119-ijms-18-00441]\].

Dried blood spots can also be used for the enzymatic assay, but any potential deficiency should be confirmed using the previous method. Flow cytometry analysis of blood monocytes is a more accurate method \[[@B26-ijms-18-00441],[@B120-ijms-18-00441]\], but it has not been validated by different centers. The very rare saposin C deficiency should be tested for when GCase activity is normal but the clinical picture and biomarkers point to GD and especially when chitotriosidase activity is very high. The diagnosis is made by *PSAP* gene sequencing.

6.2. Bone Marrow Aspiration {#sec6dot2-ijms-18-00441}
---------------------------

Bone marrow aspiration is not mandatory to confirm a diagnosis of GD, but it may be performed on patients without a diagnosis when isolated thrombocytopenia and/or splenomegaly are found and it can help when Gaucher cells are found. However, bone marrow aspiration should not routinely be performed in GD. Very rarely, it may be impossible to use cytology for diagnosis when only a few cells are available. In addition, it may be difficult to distinguish Gaucher cells from the so-called "pseudo-Gaucher" cells observed in some blood disorders or infectious diseases, such as myeloma with histiocytic accumulation of immunoglobulin crystals \[[@B121-ijms-18-00441]\], Waldenstrom's disease and other lymphomas with monoclonal gammopathy \[[@B122-ijms-18-00441]\], chronic myeloid leukemia or myelodysplasia \[[@B123-ijms-18-00441],[@B124-ijms-18-00441]\], or atypical mycobacteria \[[@B125-ijms-18-00441]\].

6.3. GBA1 Mutations {#sec6dot3-ijms-18-00441}
-------------------

The gene encoding GCase (*GBA1*) is located on the long arm of chromosome 1 (1q21) and it contains 11 exons. The presence of a highly homologous pseudogene (*GBAP*) at the same locus (16 kb downstream) is responsible for recombination events between *GBAP* and *GBA1* (e.g., RecNciI allele) \[[@B126-ijms-18-00441]\]. More than 400 mutations have been described in the *GBA1* gene, but some of them are more common, such as c.1226A\>G (N370S), c.1448T\>C (L444P), c.84dup, c.115+1G\>A (IVS2+1G\>A) and RecNciI \[[@B127-ijms-18-00441]\]. The mutations most prevalent (90% of the mutant alleles) in Ashkenazi Jewish GD1 patients are c.1226A\>G, c.84dup, c.1448T\>C and c.115+1G\>A, whereas they account for about 60% of total mutations in non-Ashkenazi patients. The c.1226A\>G (N370S) mutation is rarely seen in Asian and Arab populations and mutant allele frequencies are very different.

The c.1226A\>G (N370S) mutation is particularly common in the Ashkenazi Jewish population (about 75%--80% of the alleles), but it accounts for only 30% of the alleles in non-Jewish patients. The presence of the c.1226A\>G (N370S) mutation in a homozygous or heterozygous state excludes the risk of neurological involvement (GD2 or GD3), but it does not predict the severity of bone and visceral involvement. Patients homozygous for the N370S mutation can remain asymptomatic for a long time, whereas those homozygous for the L444P mutation are at a high risk of developing neurological impairment (GD2 or GD3). Homozygotes for the rare c.1342G\>C (D409H) mutation present characteristic heart valve damage \[[@B114-ijms-18-00441]\]. Patients carrying two null mutations (leading to a total absence of glucocerebrosidase activity) do not survive beyond the perinatal period (fetal forms incompatible with life) \[[@B76-ijms-18-00441]\].

6.4. Prenatal Diagnosis {#sec6dot4-ijms-18-00441}
-----------------------

Prenatal diagnosis of GD can be performed by genetic analysis, using either chorionic villus sampling (sampled at 10--12 weeks of amenorrhea) or amniotic fluid cells (as early as 16 weeks of amenorrhea), but only if the index case genotype has been previously identified \[[@B128-ijms-18-00441]\]. It can also be done by measuring glucocerebrosidase activity on fresh chorionic villi or cultured amniotic cells.

7. Laboratory Abnormalities {#sec7-ijms-18-00441}
===========================

7.1. Hemogram {#sec7dot1-ijms-18-00441}
-------------

Thrombocytopenia of varying degrees is common (90% of cases): \<60 × 10^9^ platelets/L in 26% of cases; \<120 × 10^9^ platelets/L in 76% of cases \[[@B74-ijms-18-00441]\]. Anemia is less common (56% of cases) and moderate, with hemoglobin levels rarely found to be less than 9 g/dL; leukopenia is rare. Cases of GD without thrombocytopenia are observed. These cytopenias are attributed to splenic sequestration and bone marrow infiltration, but a direct impact of the enzyme deficiency on immature hematopoietic cells has also been described \[[@B26-ijms-18-00441],[@B129-ijms-18-00441]\]. The blood count may be normal in patients with a history of splenectomy. Immune thrombocytopenias have been described.

7.2. Hemostasis {#sec7dot2-ijms-18-00441}
---------------

Several hemostatic abnormalities have been described in GD, including prolonged prothrombin time (PT) and activated partial thromboplastin time (APPT). These could possibly be related to deficiencies in factor X, factor V, thrombin (or a more global deficiency), factor XI (common among Ashkenazi Jews) or vitamin K. They could also be related to deficiencies secondary to liver failure (rare in GD) or to potentially associated genetic or even acquired von Willebrand disease \[[@B130-ijms-18-00441]\]. However, the relationship with potential signs of bleeding is not obvious, especially as platelet disorders are common \[[@B131-ijms-18-00441]\].

7.3. Proteinemia, Serum Immunofixation and Electrophoresis {#sec7dot3-ijms-18-00441}
----------------------------------------------------------

These examinations must be carried out to screen for polyclonal hypergammaglobulinemia (25%--91% of cases) and possible monoclonal gammopathy (1%--35% of cases) \[[@B132-ijms-18-00441],[@B133-ijms-18-00441]\]. Specific treatment reduces polyclonal hypergammaglobulinemia, but seems to have a limited effect on monoclonal gammopathy \[[@B134-ijms-18-00441]\].

7.4. Disease Biomarkers {#sec7dot4-ijms-18-00441}
-----------------------

Currently, the most interesting biomarkers are chitotriosidase, CCL18, glucosylsphingosine and ferritin. Chitotriosidase is produced in large quantities by Gaucher cells, and it has been used as a biomarker since 1994 \[[@B135-ijms-18-00441]\]. Its level is generally very high without treatment, so it can be used to monitor treatment efficacy and is considered to have some prognostic value \[[@B136-ijms-18-00441]\]. However, chitotriosidase levels can vary considerably among patients; indeed, a mutation (24-bp duplication) in the *CHIT1* gene leads to total deficiency (homozygosity for the mutation) in 6% of the general population and chitotriosidase activity is low and difficult to interpret in a third of patients with a heterozygous mutation. In practice, these limitations hamper its use for between-patient comparisons \[[@B137-ijms-18-00441]\]. Furthermore, different techniques used for the assessment of chitotriosidase levels prevent the comparison of results between centers. Increased chitotriosidase levels are also observed, but to a lesser extent, in certain other lysosomal storage diseases (e.g., Niemann--Pick diseases) and a variety of non-LSD disorders (sarcoidosis \[[@B138-ijms-18-00441]\], β-thalassemia, multiple sclerosis, Alzheimer's disease, or visceral leishmaniasis \[[@B139-ijms-18-00441]\]).

CCL18 is a chemokine produced by various cell types, particularly macrophages (mainly of the M2 type) and dendritic cells \[[@B140-ijms-18-00441]\]. CCL18 promotes the recruitment of T lymphocytes through CCR8 \[[@B141-ijms-18-00441]\]. Gaucher cells produce CCL18 and it is found at high levels in plasma. CCL18 levels may also be increased in chronic inflammatory diseases such as idiopathic pulmonary fibrosis, some cancers and scleroderma; it is generally a bad prognosis \[[@B142-ijms-18-00441],[@B143-ijms-18-00441]\]. Its levels are also increased in allergic reactions, insulin resistance and obesity. In GD patients, CCL18 plasma levels are 10--50 times higher than those of controls \[[@B11-ijms-18-00441],[@B144-ijms-18-00441],[@B145-ijms-18-00441]\]. Its levels vary less than those of chitotriosidase since there is no genetic polymorphism; the kinetics of CCL18 and chitotriosidase are generally similar at treatment induction. High levels of CCL18 are associated with a poorer prognosis. It is essential to evaluate its level in patients with chitotriosidase deficiency. A standardization of the CCL18 assay should also be done before comparing data from different centers.

Glucosylsphingosine is a novel biomarker whose sensitivity and specificity are superior to those of chitotriosidase and CCL18 \[[@B19-ijms-18-00441],[@B22-ijms-18-00441]\]. It was recently shown to be very valuable for patient monitoring \[[@B146-ijms-18-00441],[@B147-ijms-18-00441],[@B148-ijms-18-00441]\], but has yet to be assessed on a larger scale. Assays are recommended at the same frequency as the other biomarkers.

All three biomarkers---chitotriosidase, CCL18, and glucosylsphingosine---are closely related within the context of GD: they vary in the same direction and are generally correlated \[[@B148-ijms-18-00441]\].

Ferritinemia is higher than normal in most GD patients (\>85%), while serum iron, transferrin saturation and soluble transferrin receptor concentrations remain normal \[[@B149-ijms-18-00441]\]. High levels of iron reserves accumulate preferentially in the liver and bone marrow. Ferritin levels may be predictive of the onset of bone complications and are frequently associated with splenectomy \[[@B72-ijms-18-00441]\]. The ferritin level should therefore be monitored in GD (even if it is a non-specific marker), as should increased inflammation (by monitoring for normal levels of C-reactive protein). Phlebotomy is theoretically not indicated for hyperferritinemia in GD; patients can be tested for associated hemochromatosis if transferrin saturation is high \[[@B150-ijms-18-00441]\].

More accurate techniques, such as flow cytometry, can be used to quantify GCase enzyme activity in specific cell populations. This method is more sensitive because it is possible to focus the GCase assay on monocytes, where the level of enzyme is markedly higher than in other cells. This can reveal activities of the order of only 10% of normal activity \[[@B26-ijms-18-00441],[@B120-ijms-18-00441]\]. The enzyme level could be used as a biomarker for treatment management.

The oldest biomarkers of GD are tartrate-resistant acid phosphatase (TRAP) and angiotensin converting enzyme (ACE). Their lack of specificity and the availability of more specific biomarkers have rendered them less useful today \[[@B151-ijms-18-00441]\].

7.5. Others Biological Tests {#sec7dot5-ijms-18-00441}
----------------------------

Liver function tests (e.g., free and conjugated bilirubin, transaminases, alkaline phosphatase, gamma GT) are not usually abnormal but may be carried out, sometimes revealing cholestasis (increase in alkaline phosphatase, bilirubin, and gamma-GT), but rarely cytolysis (increase in transaminases).

C Reactive Protein (CRP) levels may be high in bone crises (bone infarction) or infectious complications (cholecystitis more common in GD).

Measurement of serum calcium (potentially serum phosphorus) and vitamin D is recommended. Vitamin D deficiency seems to be more common in GD than in the general population and supplementation is highly recommended when the 25(OH)D level is less than 75 nmol/L \[[@B152-ijms-18-00441]\].

Auto-antibodies (antinuclear, anti-phospholipid antibodies) have been found in GD patients, usually without clinical signs, but are not routinely tested for. Antibodies directed against the therapeutic enzyme (imiglucerase) are detected in 2%--14% of cases, but are of no consequence in practice. They are only assayed in the case of an allergic reaction or a loss of treatment efficacy \[[@B153-ijms-18-00441]\].

Some bone remodeling markers can be assayed: in theory, a decrease should be observed in bone formation markers (e.g., osteocalcin), whereas bone resorption markers (such as ICTP for C*-*terminal type-I collagen telopeptide) should be normal or higher, but the published studies are discordant \[[@B84-ijms-18-00441]\].

Compared to control subjects, GD1 patients showed decreased HDL-cholesterol and ApoA1 levels, with increased triglyceride levels, however, there was no difference in the mean carotid intima-media thickness between GD patients and control subjects (not leading to premature atherosclerosis) \[[@B154-ijms-18-00441]\].

8. Radiological Investigations {#sec8-ijms-18-00441}
==============================

Abdominal magnetic resonance imaging (MRI) is the most appropriate examination for assessing liver and spleen dimensions (organ volume) and morphology. The spleen sometimes presents nodules suggestive of lymphoma. When MRI is unavailable or in cases of uncontrollable claustrophobia, an abdominal ultrasound may be used instead. Computed tomography (CT) has previously been used for estimating Gaucher organ volumes; nonetheless, MRI, because of justifiable concerns about CT radiation, is preferable because repeat assessments are routinely required \[[@B155-ijms-18-00441]\].

Bone magnetic resonance imaging (MRI) is the test of choice for evaluating the effects of GD on bone. Bone marrow infiltration is predominant at the proximal and distal ends. T1 weighted sequences are recommended to detect and quantify bone marrow infiltration, while T2 weighted sequences are used to detect complications such as AVN or bone infarction \[[@B156-ijms-18-00441]\]. Hypointense signals are generally observed in T1 weighted sequences, reflecting the replacement of normal bone marrow fat by Gaucher cells. Infiltration may be quantified by means of the various scores used in reference centers, such as the Bone Marrow Burden score \[[@B157-ijms-18-00441],[@B158-ijms-18-00441]\]. Assessment of bone marrow infiltration is more difficult in children due to the presence of red bone marrow in the long bones. Magnetic resonance imaging is used to assess the extent of lesions and whether complications are recent (edema due to recent infarction) or longstanding. Other types of MRI are used for semi-quantitative assessments of bone marrow infiltration (Quantitative Chemical Shift Imaging), but they are not available in all centers \[[@B159-ijms-18-00441]\]. Whole-body MRI makes it possible to reduce examination time, particularly for disease monitoring purposes. The images must be carefully analyzed because additional images are sometimes required for the less visible sites, especially limb extremities (hands and feet).

Standard osseous radiographs were previously used to detect Erlenmeyer flask deformity of the femurs with widening of the lower third. This can be accompanied by thinning of the cortical bone (which may appear scalloped \[[@B160-ijms-18-00441]\]), AVN and bone infarct sequelae (34% of cases), lytic lesions (18% of cases) that are generally well delineated without peripheral increased bone density, and the sequelae of traumatic or pathological fractures. The initial assessment should include radiological imaging of the pelvis, spine, femurs, tibiae, and humeri. Radiological imaging need not be systematically reused thereafter for monitoring purposes, except for specifically following the progression of AVN to osteoarthritis. The sensitivity of standard radiological imaging for the detection of abnormalities in GD is low \[[@B156-ijms-18-00441]\] and the use of multiple X-rays is no longer standard practice given the limited knowledge gained from them and risk of radiation exposure.

*Bone densitometry* is used to diagnose osteopenia/osteoporosis, which is common in adults or children \>5 years old, and to calculate lumbar spine and femoral bone mass. Osteopenia is defined as a T score between −1 and −2.5; osteoporosis is defined as a T score ≤ −2.5. The severity of osteopenia may be correlated with genotype, splenomegaly and hepatomegaly \[[@B86-ijms-18-00441]\].

99mTc bone scintigraphy is sometimes used to locate bone lesions throughout the skeleton (especially the spine, femur, pelvis or tibia) when MRI is not available \[[@B161-ijms-18-00441]\]. It enables the detection of clinically asymptomatic lesions or the sequelae of bone infarcts in atypical sites (jaws, hands or feet), as well as fractures.

Echocardiography is used to screen for pulmonary arterial hypertension.

9. Management {#sec9-ijms-18-00441}
=============

9.1. Usual Specific Treatments {#sec9dot1-ijms-18-00441}
------------------------------

All GD patients require regular monitoring, however specific medication is not justified in all cases. Once it has been initiated, treatment must generally be administered for life. There are currently two specific types of treatment for GD: enzyme replacement therapy (ERT) and substrate reduction therapy (SRT). The goal is to treat patients before the onset of complications, the sequelae of which are disabling or not improved by further treatment, including massive fibrous splenomegaly, AVN, secondary osteoarthritis, vertebral compression and other fractures, hepatic fibrosis and lung fibrosis.

### 9.1.1. Enzyme Repacement Therapy {#sec9dot1dot1-ijms-18-00441}

The principle of ERT is to supply the GCase lacking in the cells, particularly the Gaucher cells. After using an enzyme extracted from human placenta (alglucerase) in the early 1990s, Genzyme SA developed imiglucerase, a recombinant GCase (Cerezyme^®^, Sanofi-Genzyme). Enzymes are deglycosylated, exposing their mannose residues in order to allow their uptake by macrophage receptors and their transfer to lysosomes. Imiglucerase is produced using mammalian cells (Chinese Hamster Ovary cells); it obtained marketing authorization in 1996. Other recombinant enzymes have now been developed: velaglucerase (Vpriv^®^, Shire, authorized in 2010) produced using human fibroblasts and taliglucerase (Elelyso^®^, Pfizer) produced using carrot cells, which was available during a period of imiglucerase shortage (2009--2011), but did not obtain a marketing authorization in all countries. The differences between imiglucerase and velaglucerase are minimal. Taliglucerase undergoes specific glycosylation, related to its production in plant cells.

These products are administered intravenously. Dose and administration frequency vary depending on the country \[[@B162-ijms-18-00441]\], often with individual adjustments of dosages. For children and "at risk adults", a starting dose of 60 U/kg every other week (EOW) has been recommended \[[@B163-ijms-18-00441]\]. After the achievement of therapeutic goals \[[@B164-ijms-18-00441]\] this may be reduced to not less than 30 U/kg EOW to prevent worsening skeletal involvement during long-term maintenance therapy \[[@B163-ijms-18-00441]\]. Some studies have reported good outcomes with low-dose high-frequency protocols, consisting of 15--30 U/kg/month given in thrice weekly doses \[[@B165-ijms-18-00441],[@B166-ijms-18-00441]\]. Smaller total doses can decrease the cost of therapy and can be considered for patients with stable GD1 \[[@B167-ijms-18-00441],[@B168-ijms-18-00441]\]; however, 15 U/kg EOW or lower doses may compromise skeletal response in some patients \[[@B168-ijms-18-00441],[@B169-ijms-18-00441]\].

For many years, there was considerable debate about the optimal ERT dose, but dose--response relationships were demonstrated for hemoglobin and platelet levels, and for hepatic and splenic volumes \[[@B170-ijms-18-00441]\]. To fully appreciate how an individual is affected by GD and how that individual is responding to treatment, it is necessary to evaluate all aspects of the disease: blood counts, organ volumes, quality of life, bone pain and crises, bone remodeling, marrow fat and bone mineral density. Assessment of growth in children, with reference to both their age- and sex-matched cohort and their mid-parental height, is also very important \[[@B171-ijms-18-00441]\]. The dose, and less frequently the interval, of infusions can be adjusted according to the clinical course and biomarkers. Thrombocytopenia usually improves with ERT, but it may persist in individuals with residual splenomegaly and/or the presence of splenic nodules \[[@B172-ijms-18-00441]\]. Individuals with type-1 GD report improved health-related quality of life after 24--48 months of ERT \[[@B173-ijms-18-00441],[@B174-ijms-18-00441],[@B175-ijms-18-00441]\]. Bone marrow infiltration and osteopenia regress gradually with ERT \[[@B176-ijms-18-00441]\]; bone pain improves, there are fewer bone crises \[[@B177-ijms-18-00441]\], and occurrences of skeletal events decrease \[[@B178-ijms-18-00441]\], although ERT does not completely prevent them \[[@B6-ijms-18-00441]\]. Early treatment with ERT reduces the risk of AVN \[[@B179-ijms-18-00441]\]. Disease control with low doses remains poorly understood but may be related to specific intracellular pharmacokinetics \[[@B120-ijms-18-00441]\]. There are currently no criteria for the preferential use of one or other of the enzyme replacement therapies (imiglucerase or velaglucerase) to treat GD1; imiglucerase is the only ERT with a marketing authorization for GD3. None of the ERTs are indicated for GD2 as treatment has no impact on the rapid progression of its severe neurological symptoms \[[@B116-ijms-18-00441]\]. There is no evidence that ERT has reversed, stabilized, or slowed the progression of neurological involvement \[[@B180-ijms-18-00441]\].

Specific treatment with ERT should be considered for all GD3 patients, but only for those GD1 patients who have symptomatic clinical or biological abnormalities \[[@B163-ijms-18-00441]\].

Safety is generally good: From 2% to 14% of patients (depending on the product) develop antibodies against the enzyme, usually without clinical signs. Allergic reactions are rare (\<1.5% of patients) and include urticaria, diarrhea, hypotension or laryngeal discomfort. The risk of allergy seems a little more common with taliglucerase.

Pregnancy is not a contraindication to imiglucerase replacement therapy since no fetal malformations have been described in pregnant women for whom treatment continued. Velaglucerase also appears to be well tolerated \[[@B181-ijms-18-00441]\]. Indeed, ERT may be required, firstly to control the disease, since GD can worsen during pregnancy, and secondly to limit thrombocytopenia which can be harmful during pregnancy or childbirth and contraindicates epidural anesthesia.

### 9.1.2. Substrate Reduction Therapy {#sec9dot1dot2-ijms-18-00441}

The aim of substrate reduction therapy (SRT) is to reduce excess cell GlcCer by decreasing its production. Miglustat (Zavesca^®^, Actelion) is a GlcCer synthase inhibitor which reduces the biosynthesis of GlcCer in Gaucher cells. It obtained a European marketing authorization in November 2002 for the treatment of mild to moderate GD1 when ERT is not suitable \[[@B182-ijms-18-00441]\]. Miglustat is effective on the size of the liver and spleen as well as on the decrease of chitotriosidase levels, however its efficacy on hematological parameters is more limited and improvement takes longer (improvement of anemia after 24 months, little improvement of thrombocytopenia). Its efficacy on bone symptoms remains poorly evaluated.

Miglustat is administered orally at the recommended dose of 100 mg, three times daily, but doses may need to be progressively increased at treatment initiation to improve tolerance. Miglustat can produce side effects (diarrhea, weight loss, hand tremors or possible peripheral neuropathy) although these generally regress with dose reduction or treatment discontinuation. Diarrhea can be effectively controlled with loperamide and certain dietary measures (limiting the consumption of disaccharides in the form of sugars and milk) \[[@B183-ijms-18-00441]\].

Miglustat is a second-line treatment to be used when ERT is no longer accepted by the patient or cannot be used due to intolerance. It is strictly contraindicated during pregnancy and contraceptive methods must be used by both male and female patients. To date, miglustat has not been found to have any effect on neurological symptoms in GD3, despite the fact that it crosses the blood--brain barrier.

Another substrate inhibitor, eliglustat (Cerdelga^®^, Sanofi-Genzyme) was granted a marketing authorization in 2015. It is also an orally administered GlcCer synthase inhibitor, but is more specific and more potent than miglustat, because it is an analogue of the ceramide part. It was evaluated in phase-1, -2 and -3 clinical studies comprising nearly 400 patients overall whose follow-up results were published after four years \[[@B184-ijms-18-00441],[@B185-ijms-18-00441],[@B186-ijms-18-00441],[@B187-ijms-18-00441]\]. The studies demonstrated significant efficacy versus placebo, non-inferiority to imiglucerase (the reference product) over a two-year period and satisfactory safety. The four-year extension phase of the phase-2 study also demonstrated that it had an effect on bone \[[@B188-ijms-18-00441]\]. This drug is suggested as first-line treatment for patients with GD1. Due to potential drug--drug interactions, its use with CYP2D6 inhibitors calls for special caution, depending on the patient's metabolizer status (CYP2D6 genotyping required before any prescription). Eliglustat is indicated for the long-term treatment of adults with GD1 who are cytochrome 2D6-poor, intermediate or extensive metabolizers (determined previously). It is not indicated for use in ultra-extensive metabolizers. Eliglustat is not recommended in patients with pre-existing cardiac disease (e.g., congestive heart failure, recent acute myocardial infarction, bradycardia, heart block, ventricular arrhythmia, long QT syndrome), and in concomitant use with Class 1A and Class III antiarrhythmics. Adverse effects are uncommon and usually mild, including headache and pain in limb extremities in less than 10% of cases. Given that it is metabolized by cytochrome P450, certain drug--drug interactions should be anticipated. Eliglustat offers eligible patients a daily oral therapy alternative to biweekly infusions of ERT \[[@B189-ijms-18-00441]\].

9.2. Other Specific Treatments {#sec9dot2-ijms-18-00441}
------------------------------

Ideally, bone marrow transplantation could cure patients with GD \[[@B190-ijms-18-00441]\], but this treatment is no longer offered given its low benefit/risk ratio and the current availability of effective, well-tolerated therapies.

### 9.2.1. Gene Therapy {#sec9dot2dot1-ijms-18-00441}

A preliminary gene transfer protocol was used on GD3 patients \[[@B191-ijms-18-00441]\], with the aim of introducing the *GBA1* gene into hematopoietic cells and then injecting the corrected cells into patients. Results were disappointing as the GCase levels proved too low for any clinical effect. Lentiviral vector gene transfer techniques have been used in mouse models of GD with promising results, but this approach is still at the basic research stage \[[@B192-ijms-18-00441]\].

### 9.2.2. Molecular Chaperones {#sec9dot2dot2-ijms-18-00441}

Molecular chaperones are small molecules that enable proteins to take on the specific molecular configuration which determines their functional efficacy. They also protect proteins by preventing inappropriate aggregation, that facilitate their passage through the cell membranes and thus their transport into lysosomes, when dealing with lysosomal enzymes. Molecular chaperones can therefore help the production of functional enzymes and thus even restore the intracellular activity of mutant GCase \[[@B193-ijms-18-00441]\]. The development of this type of treatment for GD is still in the early stages, and clinical trials have yet to be conducted, although the strategy is under consideration \[[@B194-ijms-18-00441]\]. The effect is thought to be responsible for the positive results of pilot studies with ambroxol \[[@B195-ijms-18-00441],[@B196-ijms-18-00441]\].

9.3. Symptomatic Treatments {#sec9dot3-ijms-18-00441}
---------------------------

In the era of ERT, splenectomy should be avoided in GD patients. The potential consequences of splenectomy include the usual risks of infection, thrombosis or neoplasia \[[@B197-ijms-18-00441]\] as well as a risk of worsening the GD \[[@B198-ijms-18-00441]\] due to an increased risk of skeletal-related events, hepatic fibrosis, cirrhosis, hepatic carcinoma and pulmonary hypertension. Splenectomy should only be performed in exceptional circumstances and considered only in rare cases of non-response to well conducted ERT with persistent severe cytopenia (usually related to massive nodular and fibrous splenomegaly) or in cases of splenic rupture. The usual recommendations for splenectomy should be followed (pre-vaccination and antibiotic prophylaxis).

Painful bone crises often require temporary immobilization and use of level I and II analgesics, sometimes even level III. Specific treatment typically reduces the frequency and intensity of these crises \[[@B199-ijms-18-00441]\].

The use of bisphosphonates is controversial in GD because the pathophysiology of bone mass decline remains poorly understood. It appears to be the consequence of either an osteoclast or osteoblast disorder or, more likely, of an osteoblast--osteoclast coupling disorder. Specific therapy remains the best treatment for GD-related osteopenia and osteoporosis. Bisphosphonates are nonetheless often indicated in cases of persistent osteoporosis, especially in postmenopausal women. They are contraindicated during childbearing age \[[@B198-ijms-18-00441]\].

Orthopedic surgery may be required for bone complications including AVN and pathological fractures. Except in the context of an emergency, it is preferable to operate on patients after a correction of their laboratory parameters, particularly thrombocytopenia.

Liver transplantation may be proposed for the rare patients presenting with severe liver disease progressing to fibrosis and liver failure.

To prevent bleeding, GD patients should be evaluated for coagulation abnormalities, especially prior to surgery, dental and obstetric procedures.

Psychological support should be routinely offered to GD patients and they should be put in touch with patients' associations.

10. Monitoring {#sec10-ijms-18-00441}
==============

Patient monitoring includes regular clinical, biological and radiological evaluations. ERT improves hematological abnormalities and quality of life within a few months \[[@B200-ijms-18-00441]\]. Biomarker levels (chitotriosidase, CCL18 and ferritin) decrease relatively quickly with ERT, prior to the normalization of platelet and hemoglobin levels \[[@B201-ijms-18-00441]\]. Hepatosplenomegaly decreases more slowly, usually over a period of two years. Improvement of bone abnormalities is usually observed after 2--4 years of treatment, but some abnormalities remain irreversible (hepatic or splenic fibrosis, AVN and bone infarction sequelae, etc.). A significant proportion of patients show improvement, but without normalization of their cytopenia or organomegaly \[[@B202-ijms-18-00441]\]. GD3 patients require additional neurological monitoring.

Pediatric patients are monitored more frequently: a clinical examination and full battery of laboratory tests must be carried out every six months and imaging is used as a function of disease progression.

11. Prognosis {#sec11-ijms-18-00441}
=============

Currently, available treatments make it possible to reduce cytopenias and organomegalies and to significantly decrease bone manifestations, considerably improving a patient's quality of life.

Outcomes may be unfavorable due to aggressive, irreversible and disabling bone disease, despite specific treatment (bone events can occur despite treatment in some patients); due to the onset of Parkinson's disease and Lewy body dementia; or the occurrence of a blood disease or cancer (hepatocellular carcinoma), whose relative risk appears higher in GD.

When ERT is ineffective in patients with GD3, progressive neurological deterioration has an impact on their prognosis. Moreover, GD3 patients can die suddenly \[[@B112-ijms-18-00441]\]. The outcome is always fatal for patients with type 2 GD.

12. Conclusions {#sec12-ijms-18-00441}
===============

Although it is the most common of the lysosomal storage diseases, Gaucher disease remains rare and most cases present a gradual onset phenotype, which explains its delayed diagnosis. It is important to include GD in the diagnostic decision tree in cases of splenomegaly and/or thrombocytopenia, in order to avoid potentially harmful splenectomy.

Significant new insights into GD's pathophysiology show that GCase deficiency has a much broader impact than the simple macrophage load that transforms them into Gaucher cells. These insights will open new pathways for the development of innovative therapeutic strategies. Eventually, drugs that can modify the neurological phenotype are expected to be developed. It is likely that more complex molecular studies will ultimately contribute to customized patient management.

The therapeutic advances of recent years, including the development of new enzymes and a new substrate inhibitor, represent significant progress, but research efforts must be maintained.

Patients with GD, including asymptomatic patients, must be monitored regularly to detect any complications in the disease's progression.
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AVN

Avascular Necrosis

ERT

Enzyme Replacement Therapy

GCase

glucocerebrosidase

GlcCer

glucosylceramide

GD

Gaucher Disease

SRT

Substrate Reduction Therapy

![Hydrolysis of glucosylceramide (GlcCer) by glucocerebrosidase (GCase) in the lysosome (**A**). GCase is activated by saposin C. In lysosomal storage diseases, an enzyme deficiency is responsible for the accumulation of its substrate in the cell lysosome (overload disease). Gaucher disease is caused by a deficiency in glucocerebrosidase (GCase) (or β-glucosidase), which leads to an accumulation of GlcCer. GlcCer forms fibrillar aggregates that accumulate in macrophages and result in the cell cytoplasm presenting a characteristic "crumpled tissue paper" appearance (**B**), personal pictures, with the courtesy of Fabrice Camou and Rachid Seddik). These cells, known as Gaucher cells, infiltrate various organs (e.g., bone marrow, spleen, and liver) and are responsible for the major signs of the disease.](ijms-18-00441-g001){#ijms-18-00441-f001}

###### 

Alternative metabolic pathway of the glucosylceramide (GlcCer) accumulation due to the glucocerebrosidase (GCase) deficiency. The expression of GCase varies from one cell type to another and depends on the tissue. (**A**) In a mouse model of GCase deficiency (red cross), GlcCer is transformed via an alternative ceramidase pathway into glucosylsphingosine (red arrow), which is degraded by cytoplasmic GCase2 (*GBA2* gene), active at a neutral pH, to S1P, a very active metabolite \[[@B20-ijms-18-00441]\]. (**B**) Protein maturation takes place in the Golgi apparatus; the transport and delivery of GCase to lysosomes require a particular molecule, LIMP-2, which allows GCase to reach the lysosome where the acidic pH breaks the molecular link \[[@B39-ijms-18-00441]\]. (**C**) LIMP-2 is a lysosomal membrane protein (LMP) whose highly glycosylated intra-lysosomal part protects the lysosome's membrane. LIMP-2 anomalies can induce a phenotype rather than GD3 \[[@B39-ijms-18-00441]\].
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![Relationship between glucocerebrosidase (GCase) and neurological diseases with Lewy bodies. (**A**) Normally, GCase interacts with its substrate glucosylceramide (GlcCer) as well as monomers of α-synuclein in lysosomes, facilitating the breakdown of both at acidic pH; (**B**) Mutated GCase or decreased levels of GCase result in a slowdown of α-synuclein degradation and a gradual build up of GlcCer, with the formation of α-synuclein oligomers and fibrils \[[@B48-ijms-18-00441],[@B49-ijms-18-00441],[@B54-ijms-18-00441]\]; GlcCer stabilizes the α-synuclein oligomers \[[@B47-ijms-18-00441]\]. These oligomers are able to bind to the mutated GCase molecules and inhibit the enzymatic activity of GCase, further decreasing the enzyme activity \[[@B47-ijms-18-00441],[@B50-ijms-18-00441],[@B55-ijms-18-00441]\]. These impaired lysosomes show impaired chaperone-mediated autophagy and autophagosome fusion. This results in an increased accumulation of α-synuclein in the cytoplasm, forming insoluble aggregates to form Lewy bodies. These aggregates block trafficking of GCase from the endoplasmic reticulum (ER) to the Golgi \[[@B56-ijms-18-00441]\]. Mutant GCase is retained in the Endoplasmic reticulum, which causes ER stress and evokes the ER stress response (Unfolded Protein Response) \[[@B57-ijms-18-00441]\]. Saposin C can have a modulating effect on this by binding to GCase and thus maintaining its activity \[[@B51-ijms-18-00441],[@B58-ijms-18-00441]\].](ijms-18-00441-g003){#ijms-18-00441-f003}
